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ABSTRACT
Forbidden neon emission from jets of low-mass young stars can be used to probe the underlying high-
energy processes in these systems. We analyze spectra of the jet of DG Tau obtained with the Very
Large Telescope/X-Shooter spectrograph in 2010. [Ne iii] λ3869 is clearly detected in the innermost
3′′ microjet and the outer knot located at ∼ 6.′′5. The velocity structure of the inner microjet can be
decomposed into the low-velocity component (LVC) at ∼ −70 km s−1 and the high-velocity component
(HVC) at ∼ −180 km s−1. Based on the observed [Ne iii] flux and its spatial extent, we suggest the
origins of the [Ne iii] emission regions and their relation with known X-ray sources along the jet.
The flares from the hard X-ray source close to the star may be the main ionization source of the
innermost microjet. The fainter soft X-ray source at 0.′′2 from the star may provide sufficient heating
to help to sustain the ionization fraction against the recombination in the flow. The outer knot may
be reionized by shocks faster than 100 km s−1 such that [Ne iii] emission reappears and that the soft
X-ray emission at 5.′′5 is produced. Velocity decomposition of the archival Hubble Space Telescope
spectra obtained in 1999 shows that the HVC had been faster, with a velocity centroid of ∼ −260
km s−1. Such a decrease in velocity may potentially be explained by the expansion of the stellar
magnetosphere, changing the truncation radius and thus the launching speed of the jet. The energy
released by magnetic reconnections during relaxation of the transition can heat the gas up to several
tens of megakelvin and provide the explanation for on-source keV X-ray flares that ionize the neon
microjet.
Keywords: ISM: individual objects (DG Tau) – ISM: jets and outflows – ISM: kinematics and dynamics
– stars: mass loss – stars: pre–main-sequence – X-rays: stars
1. INTRODUCTION
Observations of kinematic structures and physical
conditions of jets and winds from young stellar objects
(YSOs) help to clarify how outflows regulate the for-
mation of young stars. Spectroscopic studies of for-
bidden optical emission lines from classical T Tauri
stars (TTSs) provide diagnostics of both kinematic and
physical properties of the jets and their driving re-
gion (Reipurth & Bally 2001). Spatially resolved spec-
troscopy (Bacciotti et al. 2000; Coffey et al. 2008) of
low-excitation, high-abundance line species such as [O
i], [S ii], and [N ii] has been used to deduce physical
conditions and kinematic properties along the jet.
Forbidden lines of singly and doubly ionized neon
provide useful diagnostics of the physical condi-
tions around the young stars (Glassgold et al. 2007;
Hollenbach & Gorti 2009) because of the high ion-
ization potentials of neon. The 12.81µm [Ne ii]
fine-structure line has been detected toward low-mass
YSOs associated with X-ray/ultraviolet photoevaporat-
ing disks (Pascucci & Sterzik 2009), and in the termi-
nal knots of jets and outflows from low-mass protostars
(van Boekel et al. 2009). Photoionization by keV X-ray
photons may be an important source of [Ne ii] excita-
tion in disk atmospheres (Glassgold et al. 2007) and in
jets and outflows (Shang et al. 2010). With a large crit-
ical density (ncr ∼ 10
7 cm−3 at T ∼ 104 K), the optical
forbidden [Ne iii] λ3869A˚ transition has been used as a
marker for high-energy photons or for strong shocks in
studies of high-mass star formation and active galactic
nuclei. Among the low-mass YSOs, detections of [Ne
iii] λ3869 close to the central star have been reported
recently (on the scale of arcseconds), mainly associated
with their jets (Liu et al. 2014; Whelan et al. 2014).
DG Tau, located in the Taurus–Auriga molecu-
lar cloud at a distance of ∼140 pc (Kenyon et al.
1994; Torres et al. 2007), is an actively accreting ex-
treme T Tauri star with a spectrum consistent with
a heavily veiled ∼K7 star (Herczeg & Hillenbrand
2014). The flat spectral energy distribution in
the near- to mid-infrared (Kenyon & Hartmann 1995;
Hartmann et al. 2005) suggests that DG Tau may rep-
resent a transition stage between the Class I and Class II
YSOs. The high optical veiling prevents an accu-
2rate determination of the extinction (Hartigan et al.
1995; Gullbring et al. 1998; White & Hillenbrand 2004;
Herczeg & Hillenbrand 2014). From modeling ultravi-
olet to optical continuum, Gullbring et al. (2000) esti-
mated a mass accretion rate of M˙acc ∼ 5×10
−7M⊙ yr
−1
with a moderate extinction of AV ≈ 1.6 (a value
independently obtained through spectral typing by
Herczeg & Hillenbrand 2014). The bright [O i] and
[S ii] emission is consistent with a strong outflow
(Hartigan et al. 1995; White & Hillenbrand 2004); using
AV ≈ 1.6, a mass-loss rate M˙w & 1× 10
−7M⊙ yr
−1 was
deduced using the [O i] flux obtained by Hartigan et al.
(1995).
DG Tau drives an optically visible jet at a posi-
tion angle of ∼ 226◦. Optical spectra have revealed
it to be blueshifted (Solf & Bo¨hm 1993). From the
proper motion of the knots 5′′-10′′ from the star,
an inclination angle of 37.◦7 ± 2◦ with respect to
the line of sight has been inferred (Eislo¨ffel & Mundt
1998). The inner 5′′ of the jet has been mapped
using broad-band optical imaging with the Hubble
Space Telescope (HST) (Stapelfeldt et al. 1997) and
using adaptive optics (AO)-aided narrow-band imag-
ing from the Canada-France-Hawai‘i Telescope (CFHT)
(Dougados et al. 2000). Both images showed a jet-like
structure within 2′′ of the source, and an emission peak
at around 4′′ that resembles a bow shock. Using CFHT
integral-field spectroscopy to investigate the kinematics
at spatial scales smaller than 5′′, Lavalley-Fouquet et al.
(2000) showed that the jet-like feature reaches its high-
est velocity of ∼ −350 km s−1 at ∼ 1.′′3 and drops to
∼ −280 km s−1 afterwards, before approaching ∼ −260
km s−1 at the 4′′ bow shock. Lower-velocity material
(. −100 km s−1) appears to have a larger transverse
spatial extent and is concentrated closer to the star. The
two distinct kinematic features and their spatial and
morphological differences have been further traced to
within 2′′ with HST/Space Telescope Imaging Spectro-
graph (STIS) in optical forbidden lines (Bacciotti et al.
2000, 2002) and with the Subaru Telescope in the near-
infrared 1.644µm [Fe ii] line (Pyo et al. 2003).
The region of the innermost few arcseconds of the
jet, often dubbed the “microjet” (Solf 1997), reveals in-
formation close to the jet-driving source. HST/STIS
spectra provide an opportunity to probe the kinemat-
ics of the DG Tau microjet at ∼ 0.′′1 spatial resolu-
tion. Bacciotti et al. (2000) constructed channel maps
of Hα and optical forbidden emission lines from these
spectra. They binned spectra with velocities between
+70 and −420 km s−1 into four distinct velocity chan-
nels of approximately 125 km s−1 width. The channels
were designated as low-, medium-, high-, and very-high-
velocity, respectively, indicating increasingly blueshifted
radial velocities. Within 0.′′7 of the star, the outflow has
the form of a collimated jet. This is most evident in the
high-velocity channel. A bubble-like feature, most evi-
dent at intermediate velocities, is seen between 0.′′4 and
1.′′5 from the star. Maurri et al. (2014) inferred physical
conditions such as temperature and density along and
across the jet from line ratios. The blueshifted jet was
found to have a high density of nH ∼ 3× 10
6 cm−3 and
low electron fraction xe ∼ 0.03 and to reach an order-of-
magnitude lower density and a high electron fraction of
0.7 at ∼ 0.′′7 and around 2′′ from the jet source. On the
other hand, the physical conditions were found to alter
little across the jet. This spatial variations in physical
conditions were interpreted as arising from ionization
with shocks weaker than ∼ 100 km s−1.
DG Tau is an active and bright X-ray source. It is the
first known low-mass YSO to show spatially resolved
X-ray emission along the jet axis, extending up to 5′′
from the star (Gu¨del et al. 2005, 2008). The extended
X-rays have a luminosity of ∼ 1028 erg s−1 and plasma
temperature of ∼ 3 MK (Gu¨del et al. 2008). It exhibits
a proper motion of ∼ 0.′′3 yr−1, similar to other opti-
cal and infrared knots, leading to its identification as an
“X-ray jet” (Gu¨del et al. 2012; Rodr´ıguez et al. 2012).
The on-source X-ray emission consists of a hard, flaring
component with LX ∼ 10
30 erg s−1 and TX ∼ 30 MK
and a soft, steadier component with LX and TX roughly
an order of magnitude lower than those of the hard
component (Gu¨del et al. 2008). Multi-year Chandra ob-
servations show that the hard component is located at
the stellar position and the soft component is offset
along the optical jet axis by 0.′′2 (Schneider & Schmitt
2008). The flaring hard component is attributed to
the coronal emission common to YSOs; its inferred col-
umn density of NH ∼ 2–3×10
22 cm−2 (corresponding to
AV = NH/2× 10
21 ≈ 10–15, Vuong et al. 2003) is much
higher than the value (AV ≈ 1.6 orNH ≈ 3×10
21 cm−2)
obtained from optical-to-infrared photometry. The soft
near-source component has a spectrum similar to that
of the extended X-ray jet and a lower column density
NH ∼ 1.1 × 10
21 cm−2, corresponding to AV ≈ 0.55
(Gu¨del et al. 2008, 2012). It may be associated with
an inner part of the jet. Spatially resolved HST spec-
tra in the far-ultraviolet (FUV) C iv doublet show the
visual proximity between the C iv emission and the off-
source soft X-ray component. This spatial correlation
may suggest local heating up to 105 K along the path of
propagation of the jet (Schneider et al. 2013a,b). Un-
derstanding the roles of these multiple X-ray compo-
nents associated with the jet can help to elucidate the
ionization and excitation of the jet upon launching and
during propagation.
In this paper, we present spatially resolved spec-
troscopy of DG Tau’s jet observed with HST/STIS in
1999 and VLT/X-Shooter in 2010. In both spectra we
identify double velocity components from the observed
line profiles. In the X-Shooter spectra, [Ne iii] λ3869
traces the jet up to 8′′ from the star, with double ve-
locity components within the inner 3′′. In Section 2, we
present the observations and analysis of the two data
sets. In Section 3, we describe the properties of the de-
composed spectra, and the properties of the [Ne iii] jet.
Possible origins of the [Ne iii] emission in the DG Tau
3jet is discussed in Section 4 and the evolution of the
velocity components during the two observation epochs
are discussed in Section 5. We summarize our findings
in Section 6.
2. OBSERVATIONS AND ANALYSIS
2.1. HST/STIS Archival Data Analysis
We downloaded pipeline-processed DG Tau spectra of
the HST Cycle 7 observations from the Mikulski Archive
for Space Telescopes (MAST). The observations were
taken on 1999 January 14 (GO 7311, PI: R. Mundt)
with the STIS. The observational settings have been
described by Bacciotti et al. (2000) and Maurri et al.
(2014), so we summarize only the essential properties
here. The 52× 0.1 slit and G750M grating centered at
6581A˚ were used to cover six bright optical forbidden
emission lines and Hα. Seven slit positions parallel
to the axis of the DG Tau jet (P.A.= 226◦) were ob-
served, each offset by 0.′′07 in the transverse direction to
cover a total span of 0.′′52 across the jet. Each exposure
yielded a two-dimensional spectral image covering 52′′
(0.′′05 pixel−1 or ∼ 0.′′1 FWHM) perpendicular to the
jet, and 6295–6867 A˚ along the dispersion axis (0.554A˚
pixel−1, corresponding to ∼ 25 km s−1), with a velocity
resolution of ∼ 65 km s−1.
The pipeline-processed spectra from MAST suffice for
data analysis. Hot pixels were present primarily in the
line-free regions. Bad pixels that affect a few rows of
the spectra between 1′′ and 2′′ were flagged by inspec-
tion. Further reductions primarily consisted of removing
the stellar continuum and the contribution from the re-
flecting nebula. Each spectral image was first divided
into three sub-images containing lines of [O i], Hα+[N
ii], and [S ii], respectively. On each sub-image, the
rows containing the blueshifted jet extending up to 2′′
from the star were examined to remove the semi-periodic
baseline undulations resulting from wavelength rectifi-
cation of the undersampled star. To each row, we fit
and subtract the baseline with a Legendre polynomial
up to the tenth order, depending on the distance to the
star. The tasks were performed within IRAF/STSDAS
GFIT1D using the amoeba χ2 minimization.
We extracted position–velocity (PV) diagrams for
[O i] λλ6300/6363, [N ii] λλ6548/6583, and [S ii]
λλ6717/6731. We converted wavelengths to radial ve-
locities, assuming the systemic velocity of DG Tau to
be +16.5 km s−1 (Bacciotti et al. 2000). PV diagrams
were extracted from each of the seven slit positions, and
also from transversely averaged spectral images to cover
the emission across the jet and raise the signal-to-noise
ratio. PV diagrams of the jet up to −500 kms−1 can
be extracted, except for [O i] λ6300, which is cut off at
∼ −230 km s−1 by the end of the detector. We therefore
used [O i] λ6363 for kinematic studies of the [O i] emis-
sion whenever applicable. Figure 1 shows the baseline-
subtracted PV diagrams for the innermost 2′′ of the jet,
averaged over the seven slits across 0.′′52 perpendicular
to the jet axis. [O i] λ6363, [S ii] λ6731, and [N ii] λ6583
are shown.
Astrophysical emission lines are generally not Gaus-
sian, but, where appropriate, single Gaussian fits do
provide robust estimates of the bulk velocity (the line
centroid) and the line broadening. Visual inspection of
the PV diagrams shows that single Gaussians often do
not suffice to describe the observed line profiles, so we
decomposed the spectra into different velocity compo-
nents by fitting two independent Gaussian profiles ev-
ery 0.′′05. These line profiles can appear double-peaked,
flat-topped, or skewed, depending on the relative fluxes
of gases at different velocities. This can be visualized
through the V-shaped isocontours in the PV diagrams
for the innermost 1′′ of the jet (Figure 1), which is sug-
gestive of double velocity components. Indeed, it has
long been known that double velocity components exist
in the DG Tau jet (Solf & Bo¨hm 1993; Pyo et al. 2003).
While the fitting and the decomposition are a mathe-
matical exercise, the component centroids and widths
constrain the true physical velocity distributions of the
gas. Where two distinct Gaussian components are math-
ematically required, we interpret the two components as
distinct regions at different bulk velocities. The varia-
tions of these principal velocity components with po-
sition along the jet can be either continuous or abrupt
depending on the propagation history of the jet. The rel-
ative fluxes of these principal velocity components may
also change along the flow. These variations provide in-
sights into the ejection history and possible variations
of properties close to the jet launching region.
We used the IRAF/STSDAS NGAUSSFIT task to inter-
actively give initial guesses for the Gaussian parameters
and then recursively minimized χ2 with the amoeba al-
gorithm. The concept of velocity decomposition and the
resulting decomposed PV diagrams of the DG Tau mi-
crojet within 0.′′7 from the star are shown in Figure 2. [O
i] λ6363, [S ii] λ6731, and [N ii] λ6583 are shown, along
with their line profiles at 0.′′3 to show the representative
decompositions using two-Gaussian fitting.
2.2. VLT/X-Shooter Optical Spectra
New long-slit spectra of DG Tau and its jets were ob-
tained with the X-Shooter spectrograph on the Very
Large Telescope (VLT) on 2010 January 19 (084.C-
1095(A), PI: G. Herczeg). A spatial coverage of 21′′
was obtained by using an 11′′ long slit in the nodding
mode with two nodding positions separated by 10′′ at
the position angle of 227◦, roughly along the jet axis.
An ABBA nodding pattern was used. The three spec-
tral arms simultaneously cover the UVB (300–550 nm),
VIS (550–1000 nm), and NIR (1000–2500 nm) ranges,
with pixel scales of 0.′′2 pixel−1 in the spatial direction
and 0.02 nmpixel−1 in the dispersion direction (∼ 15,
8, and 4 kms−1 for the three arms, respectively). Ex-
posure times for each nodding position were 240, 250,
and 15 s for the three arms, respectively. Slit widths
of 1.′′3, 1.′′2, and 1.′′2 were used for the three arms, re-
spectively, resulting in a spectral resolution of R ∼ 5000
4Figure 1. The inner 2′′ PV diagrams of the DG Tau jet obtained by averaging the HST/STIS spectra from seven slit positions
perpendicular to the jet. The emission lines of [O i] λ6363, [S ii] λ6731, and [N ii] λ6583, are shown from left to right. The
contours are logarithmic with
√
2σ increments, starting from 10σ. The 1σ uncertainties for [O i], [S ii], and [N ii] are 2.8×10−16 ,
2.4× 10−16, and 2.2× 10−16 erg s−1 cm−2 arcsec−2, respectively. The line profiles at each spatial position have been fitted and
decomposed into two Gaussian profiles. The fitted velocity centroids of the decomposed profiles are shown by squares and
diamonds for the high-velocity and low-velocity components, respectively. The filled and open symbols represent the stronger
and weaker velocity components at each spatial position.
(∆v ∼ 60 km s−1). The seeing was ∼ 1′′ throughout the
observation and within the observed spectral range.
We confine our reduction and analysis to the UVB
and VIS arms. The spectra were reduced with the X-
Shooter pipeline version 2.4.0 using the EsoRex version
3.10.2. The reduction cascade of the stare mode was
adopted instead of the nodding mode, since both nod-
ding positions were used as the source frame. In the
pipeline, bias and dark subtraction, flat-fielding, wave-
length calibration, sky subtraction, and flux calibration
were performed and two-dimensional spectra were ob-
tained after concatenating adjacent orders. Two expo-
sures of the same nodding positions were combined dur-
ing the reduction cascade, and the combined data of
the two nodding positions were connected by matching
the spectrally summed spatial profiles along the jet axis.
The resulting spectra contain the first ∼ 14.′′2 of the
blueshifted jet and ∼ 6.′′8 of the redshifted counterjet.
Median filters were used to remove the remaining hot
and bad pixels to produce the final flux-calibrated and
sky-subtracted two-dimensional spectral images. Figure
3 shows the reduced one-dimensional spectrum of DG
Tau and its microjet, extracted within ±3′′ of the jet
axis. Li i λ6707 is detected at 6708.8 A˚, at a velocity
shift of +43.1 km s−1, which we adopted as the systemic
velocity offset for this data set.
To extract line properties, we removed the continuum
emission in the spectra by fitting the line-free regions
5Figure 2. The inner 0.′′7 PV diagrams made by averaging the HST/STIS spectra from seven slit positions, showing those of
[O i] λ6363, [S ii] λ6731, and [N ii] λ6583, from top to bottom. The contours are logarithmic with
√
2σ increments, starting
from 10σ. The 1σ uncertainties for [O i], [S ii], and [N ii] are 3.5 × 10−16, 3.4 × 10−16, and 2.0 × 10−16 erg s−1 cm−2 arcsec−2,
respectively. The line profiles are decomposed into a higher (black contours) and a lower (gray contours) velocity component
with two Gaussians. The right panels show the observed line profiles (discrete points) and the two-Gaussian fits at a position
of 0.′′3 to illustrate the concept of velocity decomposition. The overall (summed) line profiles are shown by thin solid lines. The
fitted HVC profiles are shown by thick dashed Gaussians and the fitted LVC profile are shown edit2by thin dashed Gaussians.
The centroids from two-Gaussian fitting are plotted with squares (the lower velocity Gaussian) and diamonds (the higher velocity
Gaussian) are plotted on top of the contours in the left panels. The filled symbols show the Gaussian with higher intensity and
open symbols the Gaussian with lower intensity. The results indicate the different nature of the three lines, with the [O i] and
[S ii] lines dominating at low velocity (< 200 kms−1) before 0.′′7, and the [N ii] line peaking at high velocity (∼ 260 kms−1)
throughout the flow.
with polynomials. The combined spectra were first di-
vided into segments of spectral ranges. Most of the seg-
ments follow spectral orders, except for the regions be-
tween 700–800 nm and between 900–1000 nm in the VIS
arm, in which two orders were combined to cover telluric
absorption features. In each segment, line-free regions
were selected by consecutive moving median filters of in-
creasing box sizes and fine-tuned by cross-checking with
the emission line database and by inspection. The fit-
ting and subtraction were performed at each row along
the slit; the order of the polynomial was varied from 3 to
7 depending on the emission features in the individual
row.
PV diagrams were created from the continuum-
subtracted two-dimensional spectra. Two-Gaussian ve-
locity decomposition was performed as described in Sec-
tion 2.1. Selected PV diagrams of emission lines from
the UVB and VIS arms are shown in Figures 4 and 5, re-
spectively. The fitted velocity centroids are overlaid on
the PV diagrams and are further described in Section
3.2.
3. RESULTS
3.1. Kinematics of the Microjet from Archival
HST/STIS Spectra
Using the archival HST/STIS spectra taken in 1999,
we obtained PV diagrams of the blueshifted microjet of
DG Tau covering positions within 2′′ of the star (Fig-
ure 1). In this figure, the velocity centroids measured
by two-Gaussian decomposition are overlaid on the PV
diagrams, with the squares representing the centroids of
the high-velocity component (HVC) and the diamonds
representing those of the low-velocity component (LVC).
At each spatial position, the stronger component is ren-
dered with the filled symbol and the weaker component
with the open symbol. Where a single Gaussian fit suf-
fices (as at distances 0.′′75–0.′′95 and 1.′′0–1.′′6 in the [O i]
and [N ii] PV plots), the filled square symbols represent
the sole velocity.
Three kinematic regions are evident within the inner-
most 2′′. The first region, from the star out to ∼ 0.′′7, is
characterized by a smooth change in velocity centroids.
This we regarded as the innermost undisturbed micro-
jet. The second region starts from ∼ 0.′′7, where a ve-
locity discontinuity is seen in both the HVC and LVC.
6Figure 3. One-dimensional spectra of DG Tau from the UVB (top) and VIS (bottom) arms by summing over ±3′′ from the
stellar position. The blue vertical bars show the identifications of the Balmer series and the red vertical bars show the Paschen
series. The spectra were not corrected for telluric absorption; regions dominated by telluric absorption are marked with yellow
horizontal bars. Other bright permitted lines (He i and Ca ii) and forbidden lines ([O i], [O ii], [O iii], [S ii], [N ii]) are labeled.
The location of [Ne iii] λ3869 is shown in red in the top panel.
Spatially, this coincides with the A2 region identified in
the literature (Bacciotti et al. 2000; Maurri et al. 2014).
Within this region, the HVC and LVC centroids of [O i]
and [S ii] emission decrease by ∼ 100 and ∼ 50 km s−1,
respectively; on the other hand, the two components
of [N ii] seems to merge. Another discontinuity from
∼ −200 km s−1 to ∼ −350 km s−1 marks the start of
the third region. In the [O i] and [N ii] lines, the veloc-
ity jump occurs at ∼ 1′′; this change appears to occur
about 0.′′2 further out in [S ii]. For all the lines, the emis-
sion peaks at ∼ 1.′′35 with a velocity centroid of ∼ −360
km s−1and then becomes fainter and less ordered down-
stream. This region coincides with A1 (Bacciotti et al.
2000; Maurri et al. 2014). Table 1 shows the kinematic
properties of [O ii], [S ii], and [N ii] in the three regions
within 2′′ of the star, obtained from the Gaussian de-
composition analysis. For each region, the median value
and standard deviation from within the spatial extent
of the region are shown.
Figure 2 shows the velocity decompositions of the
transversely averaged PV diagrams of the jet. The in-
nermost 0.′′7 region is shown, corresponding to the undis-
turbed innermost microjet. In the left panels we show
PV diagrams of the decomposed velocity components as
two sets of contours: the dark and light contours rep-
resent the HVC and the LVC, respectively. The HVC
is defined as the remainder after subtracting the LVC
Gaussian fits from the spatial profile, and vice versa.
In the right panels we show the actual line profiles and
their fits at the representative position of 0.′′3 to both il-
lustrate the concept of velocity decomposition and show
the differences between the profiles of the three lines.
The overall line profiles of the three species differ from
each other, as shown in the representative line profiles
in the right panels of Figure 2. The [O i] LVC dominates
close to the star and the profiles appear flat-topped.
The HVC becomes discernable beyond 0.′′2 and forms
a second peak blended with the LVC peak. Although
blended, the peaks are typically separated by ∼ 100
km s−1, which is larger than the velocity resolution of
∼ 65 kms−1. The [S ii] LVC is always stronger than its
HVC, and the line shape is typically a clean LVC peak
at ∼ −60 km s−1 with a blue “shoulder” that extends
from ∼ −140 km s−1 to ∼ −300 kms−1 and skews the
overall profile. In [N ii] the dominant emission is from
the HVC, but the LVC can be identified as a weak but
distinct peak beyond 0.′′2 from the star. In all three line
species, two-Gaussian fitting would be necessary to fully
describe the line profiles.
The velocity structures along the jet differ among
7the three line species. Overall, the velocity centroids
gradually become bluer as the distance increases from
the star. The [N ii] HVC changes from −200 to −300
km s−1 within 0.′′7, and its LVC is systematically offset
by ∼ 150 km s−1. [O i] behaves similarly, but is system-
atically ∼ 40 km s−1 slower than the [N ii] components.
[S ii] has the slowest HVC, ranging from −90 to −200
km s−1, some 100 km s−1 slower than the [N ii] HVC; its
LVC is relatively steady along the jet between −40 and
−70 km s−1.
Comparison of the kinematic properties of the HVCs
suggests that these lines trace the same bulk flow but
are excited at different regions within the flow. All the
HVCs have broad line widths, in the range of 130–200
km s−1. The [N ii] HVC line width is fairly stable at
∼ 150 km s−1. The [S ii] line width is maximal (∼ 200
km s−1) at 0.′′5, while [O i] has its largest line width at
0.′′3.
The properties of the LVCs of [O i] and [S ii] are more
similar to each other than to that of [N ii]. In the [O
i] and [S ii] lines, the LVCs can be traced close to the
vicinity of the star. The [N ii] LVC, however, is not
visible within the first 0.′′2 of the jet. The [O i] and [S
ii] LVCs show a fairly constant velocity with decreasing
brightness up to 0.′′7. The brightness and velocity cen-
troids of the [N ii] LVC both increase along the jet until
this component merges with its HVC at ∼ 0.′′7. For the
three species, the LVC velocity centroids range from −50
to −100 km s−1. The typical [S ii]λ6731 and [O i]λ6300
LVC velocity centroids, near −50 km s−1, are consistent
with the values reported by Hartigan et al. (1995). For
all three line species the line widths of the LVCs are
narrower than those of the HVCs, ranging from ∼ 70
km s−1 for [S ii] to ∼ 120 kms−1 for [O i]. The line pro-
files of the LVCs appear symmetric about the velocity
centroids.
3.2. Kinematics of the Microjet from VLT/X-Shooter
Spectra
The 2010 VLT/X-Shooter spectra provide a larger
field of view along the blueshifted jet. This data set
provides an examination of ejection history after the
1999 HST/STIS observation. The evolution of the mi-
crojet and the high-velocity bow-shaped knot can be
seen in the VLT/X-Shooter spectra. In order to match
the features between the two observations, we assume
a mean proper motion of ∼ 0.′′28 yr−1 for the knots in
the blueshifted jet (Rodr´ıguez et al. 2012). During the
11 years between the taking of the HST/STIS and the
VLT/X-Shooter spectra any cohesive features will have
moved outward by ∼ 3′′. In the following discussions we
apply this offset in attempting to align features seen in
the spectra and images.
Figures 4 and 5 show the continuum-subtracted PV
diagrams of bright optical lines of the jet up to ∼
14.′′2 from the star. Three distinct emission regions
can be identified from the PV diagrams. (1) The
strongest peak occurs within ∼ 0.′′5 of the stellar po-
sition. The emission traces the flow with a trend of
increasing speed and decreasing line intensity up to a
local minimum at ∼ 4′′ from the star. This coincides
with the region interior to knot k3 (Rodr´ıguez et al.
2012) found in the [Fe ii] wind (Takami et al. 2002;
Pyo et al. 2003) observed in 2001 to 2002, and may
also correspond to the innermost . 1′′ region of the
1999 STIS spectra (Maurri et al. 2014) and the [Fe ii]
microjet observed in 2005 (Agra-Amboage et al. 2011;
White et al. 2014). We identify the first emission
peak and the extension as the “star + microjet” re-
gion. (2) The second region peaks at ∼ 6.′′5 and
may be identified with the bow-shaped knot observed
at 3.′′6 in 1998 (Lavalley-Fouquet et al. 2000), denoted
as knot B by Eislo¨ffel & Mundt (1998). The knot A
(or knot k2 in Rodr´ıguez et al. 2012) identified at 0.′′93
in 1998 (Lavalley-Fouquet et al. 2000) and 1.′′3 in 1999
(Maurri et al. 2014) appears to have dissipated by 2009.
It may have contributed to the velocity maximum ob-
served at ∼ 5.′′5. We denote this region as “knot A+B.”
(3) The third region, peaked at ∼ 13.′′2, is truncated
by the edge of the detector. We identify this region as
“knot C.”
Overall, the kinematic features of emission lines of the
different species are similar, with slight differences in
the shapes and widths of the lines. In the “star + mi-
crojet” region, all species have broad line profiles that
show either double emission peaks or a prominent peak
blended with a weaker “shoulder.” We decomposed the
lines as in Section 3.1, and have overplotted the fitted
velocity centroids in Figures 4 and 5, with the HVC in
yellow and the LVC in orange. For positions that re-
quire double-Gaussian fitting, velocity centroids of the
stronger component are shown as filled circles and those
of the weaker component are shown as open circles.
The LVC is confined to within ∼ 3′′ of the star and
is less extended than the HVC. For all species, the LVC
appears stronger than the HVC within the innermost
1′′. The HVC becomes dominant outside 1′′ and ex-
tends beyond 3′′. Some of the high-ionization and high-
density lines, including [Ne iii] and [O iii], are unde-
tected beyond ∼ 3′′ and reappear after ∼ 5′′. The HVC
velocity centroids gradually increase from −180 km s−1
at 1′′ to −230 kms−1 at 3′′. The velocity maxima of
∼ −260 km s−1 are reached near the beginning of knot
A at ∼ 5′′ and decrease steadily to ∼ −170 km s−1 at
the end of knot B at ∼ 9′′. At knot C, the jet has a
steady velocity of ∼ −200 kms−1. Table 2 summarizes
the kinematic properties of several forbidden emission
lines obtained from Gaussian decomposition of the 2010
VLT/X-Shooter spectra.
The X-Shooter spectra show that most of the permit-
ted line profiles are centered at the position and systemic
velocity of DG Tau. Permitted lines that may be related
to accretion flow, such as H i, He i, and Ca ii, are broad,
extending up to±450 km s−1. For some of the lines, such
as H i Balmer series (Hα to Hζ), Ca ii H and K, and
He i (specifically λ5876 and λ7065), profiles are asym-
8Table 1. The Inner 2′′ Kinematic Properties from the 1999 HST/STIS Spectra
[O i] λ6363 [S ii] λ6731 [N ii] λ6583
Component (Region) median ± std dev. (km s−1)
LVC (d < 0.′′7) −67.47 ± 22.6 −59.86 ± 8.45 −98.38 ± 23.5
HVC (d < 0.′′7) −207.9 ± 36.8 −141.5 ± 27.5 −259.8 ± 21.5
LVC (0.′′7 < d < 1.′′1) −27.15 ± 83.5 −27.64 ± 3.61 · · ·
HVC (0.′′7 < d < 1.′′1) −210.9 ± 92.1 −165.6 ± 12.1 −255.1 ± 59.1
LVC (d > 1.′′1) −170.0 ± 49.5 −148.1 ± 48.5 −204.2 ± 34.8
HVC (d > 1.′′1) −373.3 ± 56.3 −350.1 ± 83.0 −350.1 ± 26.6
Figure 4. Selected PV diagrams of bright emission lines from the VLT/X-Shooter UVB spectra, showing [O ii] λ3726, [Ne iii]
λ3869, [S ii] λ4068, Hβ, and [O iii] λ5007. The line profiles have been decomposed into high-velocity (yellow) and low-velocity
(orange) components. At each position, the fitted velocity centroids of the components are overlaid on the PV diagrams, with
the stronger component shown by filled circles and the weaker component by open circles. In all the PV diagrams, the contours
start from 3σ (1σ = 3× 10−18 erg s−1 cm−2 A˚−1) and increase by factors of 2.
metric with an extension to the blue. These lines also
show spatially resolved emission from knot A+B, where
the kinematic structures are consistent with forbidden
lines that trace the jet emission.
3.3. Properties of the [Ne iii] λ3869 Velocity
Components
Figure 6 shows the kinematic properties of the
velocity-decomposed [Ne iii] λ3869 emission as PV dia-
grams, spatial profiles, and line profiles at specific spa-
tial positions along the jet. [Ne iii] λ3869 is detected
toward the innermost 3′′ (star + microjet) and be-
tween 5′′ and 8′′ (knots A and B), and is marginally
detected at knot C. The integrated fluxes for the three
regions are 10.82±0.09×10−15, 5.19±0.26×10−16, and
1.25± 0.26× 10−16 erg s−1 cm−2, respectively.
The decomposed [Ne iii] λ3869 PV diagrams (Figure
7) show the velocity components in the innermost 3′′
of the flow. After decomposition, the overall peak at
∼ −100 km s−1, ∼ 0.′′2 from the star, breaks into two
9Figure 5. Selected PV diagrams of bright emission lines from the VLT/X-Shooter VIS spectra, showing [O i] λ6300, Hα, [N
ii] λ6583, [S ii] λ6716, and [S ii] λ6731. The line profiles have been decomposed into high-velocity (yellow) and low-velocity
(orange) components. At each position, the fitted velocity centroids of the components are overlaid on the PV diagrams, with
the stronger component in filled circles and the weaker component in open circles. In all the PV diagrams, the contours start
from 3σ (1σ = 3× 10−18 erg s−1 cm−2 A˚−1) and increase by factors of 2.
Table 2. Kinematic Properties from the 2010 VLT/X-Shooter Spectra
[Ne iii] λ3869 [S ii] λ4068 [O iii] λ5007 [O i] λ6300 [N ii] λ6583 [S ii] λ6731
Component (Region) median ± std dev. (km s−1)
LVC (microjet) −69.32 ± 23.6 −67.33 ± 7.46 −87.97± 17.9 −43.11± 10.5 −118.0± 48.0 −68.63± 23.9
HVC (microjet) −187.5 ± 11.8 −187.7 ± 23.6 −189.6± 14.8 −182.7± 29.2 −187.0± 14.0 −184.3± 27.6
HVC (A+B) −268.0 ± 24.5 −258.5 ± 25.4 −272.5± 15.8 −258.1± 34.9 −260.0± 35.0 −260.0± 31.9
HVC (knot C) −187.5 ± 13.2 −188.2 ± 7.64 −186.0± 6.60 −192.1± 5.13 −193.0± 10.1 −190.5± 4.76
peaks of similar intensities at ∼ −180 km s−1 for the
HVC and ∼ −70 km s−1 for the LVC. The HVC peak
has a line width of ∼ 200 km s−1 at 0.′′2, larger than the
LVC line width of ∼ 120 km s−1 at the same position.
The LVC has relatively stable line widths within to 1′′,
whereas the HVC shows decreasing line widths from the
maximum value of ∼ 200 km s−1 to ∼ 100 kms−1 at
∼ 2′′. There is a non-Gaussian wing extending to ∼
−500 kms−1. The total fluxes in the HVC and LVC
components within ±3′′ are 5.3± 0.1× 10−15 and 4.8±
0.1 × 10−15 erg s−1 cm−2, respectively. The kinematic
properties of the decomposed [Ne iii] λ3869 emission
along the regions in the jet are summarized in Table 3.
4. ON THE POSSIBLE ORIGINS OF [NE III]
EMISSION IN THE DG TAU JET
4.1. [Ne iii] Microjets from Low-Mass Young Stars
DG Tau is one of the few low-mass YSOs known to
show bright [Ne iii] λ3869A˚ emission in the arcsecond-
scale microjet. The [Ne iii] emission shares kinematic
properties with other forbidden emission lines tracing
the jet (e.g., [O i], [S ii], and [N ii]), notably the two ve-
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Figure 6. Kinematic properties of velocity-decomposed [Ne iii] λ3869 emission are shown in a PV diagram (left panel), a spatial
profile along the jet axis (central panel), and line profiles at specific spatial positions (right three panels). In the PV diagram,
the decomposed HVC and LVC are shown by green and red contours, respectively. The yellow symbols represent the HVC
velocity centroids and orange symbols represent the LVC velocity centroids; the filled symbols indicate the stronger component
at each specific position whereas the open symbols indicate the weaker component, as in Figure 4. The spatial profile is shown
on a logarithmic scale to accommodate the large contrast between the innermost 3′′emission and the outer knots.
Table 3. Properties of the [Ne iii] λ3869 Jet of DG Tau
Velocity Centroid Velocity Width Flux
km s−1 kms−1 erg s−1 cm−2
Microjet LVC −69.32 ± 23.6 107.4 ± 28.6 4.8± 0.1× 10−15
HVC −187.5 ± 11.8 123.0 ± 38.0 5.3± 0.1× 10−15
Knot A+B −268.0 ± 24.5 103.6 ± 14.1 5.2± 0.3× 10−16
Knot C (part) −187.5 ± 13.2 100.7 ± 88.8 1.3± 0.3× 10−16
locity components at −180 and −70 km s−1. However,
because of its higher ionization potential and higher crit-
ical density, the emission is restricted to the innermost
3′′ microjet and the 7′′ knot.
The presence of [Ne ii] and [Ne iii] emission from the
jet may require that high-energy photons be present ei-
ther at the launching site or during the propagation of
the jet. Doubly ionized neon arises from either ioniza-
tion of valence electrons, which requires a total energy
of 62.5 eV, or the photoionization of K-shell electrons,
which requires a photon energy >0.903 keV. In the low-
mass circumstellar environment, valence electrons may
be ionized by extreme ultraviolet (EUV) photons or
by collisions in shocks with shock speeds higher than
100 kms−1 (Hartigan et al. 1987; Hollenbach & Gorti
2009). K-shell photoionization must occur close to the
star (Glassgold et al. 2007), a copious source of keV X-
rays.
As described in Section 1, the X-ray source DG Tau
is bright, spatially extended, and consists of at least
three distinct components. The strongest component,
located at the nominal stellar position, is likely ther-
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Figure 7. Velocity-decomposed PV diagrams of [Ne iii]
λ3869 from the innermost 3′′ blueshifted microjet. The left
and right panels show the HVC and LVC PV diagrams, re-
spectively. Both contours start from 3σ (σ = 3.0 × 10−18
erg s−1 cm−2) and increase by factors of 2. The background
grayscale maps are the original PV diagrams without velocity
decompositions. The Gaussian-fitted velocity centroids are
overlaid. The filled symbols indicate the stronger component
at that spatial position and the open symbols indicate the
weaker component.
mal emission from hot (∼20–30 MK) coronal gas con-
fined in magnetic loops (Gu¨del et al. 2008). The soft
extended X-ray emission is concentrated ∼ 5.′′5 from the
star. Its proper motion of 0.′′28 yr−1 suggests associa-
tion with non-standing shocks in the jet (Gu¨del et al.
2012; Rodr´ıguez et al. 2012). The third component, the
soft source 0.′′2 from the star, exhibited no significant
proper motion over a 2 yr period from 2004 to 2006
(Schneider & Schmitt 2008). The emission could be pro-
duced by ∼ 450 km s−1 shocks in the innermost dense
jet (Gu¨nther et al. 2009), colliding stellar and magne-
tocentrifugal winds (from the inner disk; Gu¨nther et al.
2014), or reconnections of magnetic fields threading the
jet (Schneider et al. 2013b).
The first known [Ne iii] microjets from low-mass YSOs
were discovered toward Sz 102 (Liu et al. 2014). The
nearly edge-on orientation of the Sz 102 system presents
a different geometry for comparison with the jet of
DG Tau. In Sz 102 the [Ne iii] λ3869 emission ap-
pears unresolved within ∼ 200 au in the ground-based
VLT/Uves spectra and shows a broad line profile with
“excess” emission across the systemic velocity. This sug-
gests that the jet originates from a wide-angle wind close
to the star. The neon may be ionized by large hard
X-ray flares generated by reconnection events from field
lines twisted by star–disk interactions within the regions
encompassed by the wide-angle wind and may then be
carried out through the wind flow. Further monitoring
of the system would be required to test the postulation
since virtually nothing is known about hard X-ray flares
or temporal variability of the [Ne iii] line in Sz 102.
For DG Tau, we discuss the origins of its [Ne iii] jet
in the following subsections. In summary, we suggest
that the neon ionization in the innermost microjet may
be largely attributed to the photoionization by a series
of flares from a bright hard X-ray source and the slow
recombination of the innermost hot jet heated through
either jet shocks, recollimated stellar wind shocks, or
magnetic reconnection. A contribution from shock ion-
ization in the jet is still possible, though the fraction of
shock dissipation must be small in order to be consistent
with the inferred soft X-ray luminosity. The detection
of the outer [Ne iii] knot would favor strong shock ion-
ization in the jet, which may also account for the soft
X-ray extension along the jet axis.
4.2. Ionization of the Inner 3′′ Microjet: Shocks and
Soft X-rays?
Shocks can be an efficient ionization source for neon
when the postshock temperature reaches the order of
megakelvin, above which collisional ionization is impor-
tant. At several megakelvin, thermal gas emits mainly
in soft X-rays which peak at < 1 keV. To reproduce the
spectral energy distribution of the 0.′′2 soft X-ray compo-
nent at ∼ 2 MK requires a shock speed vs ≈ 480 km s
−1,
gas temperature of∼ 0.3 keV, and volume emission mea-
sure of ∼ 1052 cm−3 (Gu¨nther et al. 2009). To satisfy
these constraints, the cooling length and cross section of
the modeled shock must both be of the order of au, with
the mass flux through the shock of the order of 10−11
– 10−10 M⊙ yr
−1 (Gu¨nther et al. 2009). The ratio be-
tween the mass flux in the shock and the total mass-loss
rate of DG Tau (∼ 10−7 M⊙ yr
−1), ∼ 10−4 – 10−3,
may be regarded as the fraction of shock dissipation
fsh as in Hollenbach & Gorti (2009). One can compare
the theoretical and observed [Ne ii] 12.81µm flux using
Equation (33) of Hollenbach & Gorti (2009). Putting
n0 ≈ 10
5 cm−3, vs ≈ 480 km s
−1, and fsh ≈ 10
−3, the
predicted luminosity is 10−6L⊙, two orders of magnitude
fainter than the observed Spitzer value (∼ 2 × 10−4L⊙,
Gu¨del et al. 2010). Although the Spitzer observation
is spatially unresolved, the expected contribution from
the disk atmosphere would be at the level of ∼ 10%
(Gu¨del et al. 2010). The bulk of the [Ne ii] 12.81µm
flux must arise via a different mechanism.
Pure shock models, whether planar shocks or
bow shocks, make predictions of line ratios (e.g.,
Hartigan et al. 1987) that can be compared with our
data. The main adjustable parameters are the shock
velocities and preshock densities. High-ionization for-
bidden lines, such as [Ne iii] λ3869 and [O iii] λ5007,
and UV permitted lines, such as C iv λ1550, appear
only when shock velocities exceed ∼ 100 km s−1. For
forbidden emission lines, the relative intensities increase
as shock velocity increases, until collisional de-excitation
becomes important at velocities higher than ∼ 300
km s−1. For example, as shock velocities increase from
100 to 300 km s−1, [O iii]/Hβ decreases from ∼ 4.0 to
∼ 2.5, and [Ne ii] 12.81µm/Hβ decreases from ∼ 3.0 to
∼ 1.5. The relative flux of UV permitted lines decreases
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as the Balmer intensity increases since more ionizing
photons in the shock front are absorbed by H atoms:
C iv/Hβ, for example, decreases from ∼ 20.0 to ∼ 5.5.
The [Ne iii]/Hβ ratio, on the other hand, increases by
∼ 20% as shock velocity increases from 300 km s−1, and
approaches ∼ 1.0. This results in decreasing line ra-
tios of C iv/[Ne iii], [O iii]/[Ne iii], and [Ne ii]/[Ne iii]
for shock speeds exceeding 300 km s−1. The C iv/[Ne
iii] ratio approaches ∼ 10, the [O iii]/[Ne iii] ratio ap-
proaches 3, and [Ne ii]/[Ne iii] approaches 1 for high-
velocity shocks. The observed ratios for the inner 3′′
jet in the HVC are (dereddened with AV ≈ 0.55 as in
Schneider et al. 2013a) [Ne iii]/Hβ ∼ 0.15, [O iii]/Hβ
∼ 0.12, and C iv/Hβ ∼ 1, which give C iv/[Ne iii] ∼ 8,
[O iii]/[Ne iii] < 1, and [Ne ii]/[Ne iii] ∼ 24. The C
iv/[Ne iii] ratio appears to be similar to the ratio in
the shocked gas but the [O iii]/[Ne iii] and [Ne ii]/[Ne
iii] ratios are not consistently reproduced. The high [Ne
ii]/[Ne iii] value, as produced by high [Ne ii]/Hβ and low
[Ne iii]/Hβ, occurs more readily in the mild shock condi-
tion when the shock speed is lower than ∼ 100 km s−1.
However, this would be inconsistent with the assump-
tion that the soft X-rays are produced by strong shocks
in the jet. Discrepancies from the crude comparison of
line ratios can be due to the different spatial coverages of
the line species that cannot to be resolved from spatially
summed spectra. Spatially resolved spectra and a shock
model detailing the geometry are needed to account for
possible spatial variations of the flux ratios.
An alternative explanation for the 0.′′2 stationary X-
ray source is the collimation shock where the tenuous
stellar wind collides with the inner boundaries of the
magnetocentrifugal winds emerging from the inner re-
gion of the circumstellar disk (Gu¨nther et al. 2014). A
soft X-ray source produced by this stationary shock lies
outside the jet and can irradiate it. The X-ray ioniza-
tion rate of doubly ionized neon depends on the X-ray
luminosity and the branching ratio of the production
rate from neutral to doubly ionized neon. These soft X-
rays are an order of magnitude fainter than the harder
coronal X-rays (Gu¨del et al. 2008). The branching ra-
tio required for the soft X-ray to doubly ionize neon is
∼ 0.1, much smaller than ∼ 0.94, that for the hard X-
ray (Glassgold et al. 2007). Therefore, even if the soft
X-ray irradiation contributes to neon ionization, in this
scenario the expected ionization rate will be more than
an order magnitude smaller than that provided through
harder coronal X-ray irradiation.
4.3. Ionization of the Inner 3′′ Microjet: Hard X-Rays
and Flares?
The keV photons from the harder coronal X-ray
source coincident with the star (Gu¨del et al. 2008;
Schneider & Schmitt 2008) provide a more efficient
source for ionizing the neon. The large ionization flux
from hard X-rays can produce a large fraction of elec-
trons. The large wind mass-loss rate of DG Tau (M˙w ∼
10−7 M⊙ yr
−1) produces relatively dense regions in the
jet. Combining the two effects, sufficient collisional exci-
tation can be maintained to explain the observed [Ne iii]
λ3869 flux. By reproducing the observed mid-infrared
[Ne ii] and [Ne iii] luminosities of jet-driving low-mass
YSOs, Shang et al. (2010) demonstrated that both X-
ray ionization and high mass-loss rate are crucial to sus-
tain a high collisional excitation rate. In contrast to the
strong shock scenario, photoionization by keV photons is
the main ionization source (Glassgold et al. 2007). Only
mild shocks with speeds . 50 km s−1 are needed in the
jet to maintain the temperature and ionization fraction
for the formation of optical forbidden emission lines.
The observed [Ne iii] λ3869 HVC flux, dereddened using
AV = 0.55, corresponds to a luminosity of ∼ 2.7× 10
28
erg s−1. The model of Shang et al. (2010) would require
an averaged X-ray luminosity LX . 10
31 erg s−1, or
about an order of magnitude larger than observed, to
explain the [Ne iii] luminosity, for the inferred M˙w. The
apparent discrepancy can be accounted for by the fact
that the X-ray luminosity adopted in the model refers to
the intrinsic, averaged value of X-ray luminosity. The in-
trinsic X-rays for T Tauri stars with mass accretion rate
higher than 10−8M⊙ yr
−1 are inferred to be deficient by
more than an order of magnitude (Telleschi et al. 2007;
Bustamante et al. 2016). The averaged value may also
be elevated when flares are taken into account.
Stellar flares could produce the required ionizing flux
for the observed neon ionization and [Ne iii] λ3869 inten-
sity. X-ray surveys of low-mass young stars in star clus-
ters and associations show that impulsive flares typically
occur on a timescale of weeks and rise to average lumi-
nosities of ∼ 6×1030 erg s−1 in a day or two (Wolk et al.
2005). Larger but rarer flares of ∼ 100 MK with lu-
minosities up to ∼ 1032 erg s−1 have been observed
(Imanishi et al. 2001; Grosso et al. 2004; Favata et al.
2005; Getman et al. 2008a,b). These strong flares may
be associated with reconnections in closed loops of stel-
lar magnetic fields extending to several stellar radii
(Favata et al. 2005). Interactions between the star and
its circumstellar disk can also induce reconnections and
flares (Shu et al. 1997).
The flare frequency of DG Tau is poorly known. DG
Tau has been observed by Chandra in several short ex-
posures (each ∼ 30 ks) in 2004–2006, and three long ex-
posures (each ∼ 120 ks) in 2010 January (Gu¨del et al.
2012). The long exposures captured two flare events
within three days with durations of 30 and 50 ks, respec-
tively. The strongest flare on 2010 January 5, just two
weeks before our VLT/X-Shooter observation, shows an
increase of five times the average luminosity of the X-ray
emission at energies above 1 keV. Such a large X-ray lu-
minosity, ∼ 5×1030 erg s−1, may contribute a significant
fraction of the neon ionization. At densities below the
critical density of [Ne iii], frequent X-ray flares could
maintain the observed emission measure. Since we do
not have a good record of the [Ne iii] flux, further ex-
trapolations and predictions are dangerous.
If neon is ionized primarily by hard X-ray flares, the
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[Ne iii] emission will peak close to the ionization source,
where the ionization rate and collisional excitation rate
are the maximum. The line intensity will gradually de-
crease as the flow propagates due to recombination of
the doubly ionized neon. The observed [Ne iii] λ3869
spatial profile along the jet axis is basically consistent
with this scenario of ionization and recombination (Fig-
ure 6).
In this scenario, how far the doubly ionized neon can
extend along the jet depends on how long the ioniza-
tion remains frozen-in along the flow if no strong sec-
ondary ionization source occurs during propagation of
the jet. The observed spatial extent of the emission
may be compared against the expected extent that is de-
termined by the estimated values of the recombination
timescale and the flow timescale. The high-velocity [Ne
iii] microjet originates close to the source and extends
up to 2′′–3′′. This is among the shortest extent of any
of the observed forbidden HVC emission from the DG
Tau microjet. The radial velocity of the HVC is ∼ −180
km s−1. If a line-of-sight inclination of ∼ 40◦ is assumed
(Eislo¨ffel & Mundt 1998; Schneider et al. 2013a), the
derived proper motion on the plane of sky is 0.′′23 yr−1
at the distance of 140 pc. If no further ionization oc-
curs in the flow, the neon gas would require a recom-
bination timescale of ∼ 10 yr in order to explain the
extended emission. The recombination timescale of [Ne
iii], trec , scales as (neα(T ))
−1. Using the coefficient
α(T ) ≈ 1.7×10−12(T/104K)−2/3 (Glassgold et al. 2007;
Shang et al. 2010), the recombination timescale is of the
order of ∼ 1 yr if T . 3× 104 K and ne ≈ 3× 10
4 cm−3
as implied by the red [S ii] doublet and [O i]/[N ii] (e.g.,
Coffey et al. 2008; Maurri et al. 2014). Other sources to
maintain the ionization or temperature may be needed
to increase the recombination timescale in order to bet-
ter interpret the observation.
The soft X-ray source at . 0.′′2 from the star
(Gu¨del et al. 2008; Schneider & Schmitt 2008) may al-
ternatively help to maintain the frozen-in ionization
of the flow by contributing to jet heating. The hot
(T & 105 K) C iv jet, detected in 2011 somewhat down-
stream from the soft X-ray source, was considered to be
a consequence of the heating (Schneider et al. 2013a,b).
The peak emission is at ∼ −180 km s−1, consistent with
the velocity of HVC [Ne iii] emission obtained ∼ 1 yr
earlier. The association of the C iv jet with the [Ne iii]
HVC suggests that the lower-temperature emission of
the jet may be a continuation of the hot jet. This hot
portion of the jet can help drag out the recombination
timescale to ∼ 10 yr and may account for the extended
emission of the [Ne iii] line. In this scenario, the jet
is propagating through the apparently stationary local
heating region. The heating can be due either to a jet
shock of speed ∼ 450 km s−1 (Gu¨nther et al. 2009) or
to a recollimation shock of a stellar wind with velocity
of ∼ 840 km s−1 obliquely hitting a magnetocentrifu-
gal wind (Gu¨nther et al. 2014). The heating may also
produce soft X-ray photons that partially contribute to
C iv and [Ne iii] emission. Heating may also come from
magnetic recombination of the field lines threading the
jet (Schneider et al. 2013a). Specifically, the magnetic
recombination in the jet fields may produce keV photons
and provide additional ionization of neon gas in the jet.
For the ionization of the inner microjet, both the
mechanisms of strong shocks and hard X-rays have their
respective applicabilities and challenges. Shock ioniza-
tion can account for the neon ionization and the soft X-
ray emission 0.′′2 from the star if the shock speed reaches
∼ 480 km s−1. However, the fraction of shock dissipa-
tion that matches the X-ray luminosity may be two or-
ders of magnitude lower than that needed to sustain the
observed flux of [Ne ii] and [Ne iii] and does not match
the [Ne ii]/[Ne iii] ratio predicted in shock models. The
hard coronal X-rays from the close vicinity of the star
can overcome the threshold energy for neon photoion-
ization, but an elevated average hard X-ray luminosity
greater than the observed value would be required to
penetrate the outflowing gas for the inferred mass-loss
rate. The observed flares from DG Tau can provide the
elevated luminosity to fulfill this requirement. We fur-
ther postulate the source of the flares that can match
the requirement in Section 5.
4.4. Ionization of the 6.′′5 Knot: Shocks in the Jet?
The [Ne iii] HVC is absent between 3′′ and 5.′′5, which
is where knot A+B appears. The spatial discontinu-
ity suggests that the physical conditions in the jet be-
come less favorable for formation of the neon line such
that the flow timescale cannot compete with the recom-
bination timescale at distances larger than ∼ 3′′. At
the outer knot, either the neon gas is reionized to a
doubly ionized state or the electron density increases
such that the excitation conditions favor [Ne iii] emis-
sion, or both. From the PV diagram, the [Ne iii] emis-
sion decelerates from ∼ −290 km s−1 at 5.′′5 to ∼ −210
km s−1 at 8′′. When compared with the arcsecond-
resolution HST/STIS long-slit spectra, this region cor-
responds to the knots B0 and B1 that also show a clear
velocity jump from ∼ −290 km s−1 to ∼ −210 km s−1
(Maurri et al. 2014). Taking into account for the incli-
nation angle, the velocity jump is ∼ 100 kms−1, which
may be sufficient for in situ neon ionization if the veloc-
ity jump is interpreted as a strong shock in the jet flow
(Hollenbach & Gorti 2009).
The shocks responsible for the neon ionization in the
outer knot may also result in the extended X-ray emis-
sion of DG Tau. Adjacent to the [Ne iii] knot at
∼ 6.′′5, the X-ray knot is at ∼ 5.′′5 in the 2010 Chan-
dra image. It was discovered at 4.′′3 in 2005, and thus
shows a proper motion of ∼ 0.′′27 yr−1 similar to those
of other optical and infrared knots (Gu¨del et al. 2008,
2012; Rodr´ıguez et al. 2012). Tracing this proper mo-
tion back in time, the X-ray knot would have appeared
in the ∼ 2.′′4 interknot region between knots A1 and B0
in the 1999 HST/STIS spectra (Maurri et al. 2014) and
the 1998 CFHT/OASIS spectra (Lavalley-Fouquet et al.
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2000). Comparisons of the PV diagrams between the
1999 STIS spectra and the 2010 X-Shooter spectra show
that the maxima of the velocity centroids have decreased
from ∼ −360 km s−1 to ∼ −290 km s−1, which also
coincides with the velocity jump between A1 and B0
(Maurri et al. 2014). The interknot region may produce
adequate ionization from shocks but the higher densi-
ties downstream are more favorable for line production.
The velocity difference of ∼ 100 km s−1 would be de-
projected to ∼ 130 km s−1 for an inclination i ≈ 38◦.
The observed velocity jump appears to be less than the
required ∼ 380 km s−1 (Draine & McKee 1993) if shock
is the main heating source for the 2.7 MK X-ray knot.
A magnetic field carried by the flow may be working to
reduce the shock strength and provide additional heat-
ing (Gu¨del et al. 2008), although the field structures in
the flow need further observations and modeling to be
confirmed.
5. TEMPORAL VARIATIONS IN THE HVC OF
THE DG TAU JET
5.1. The Double Velocity Components of DG Tau
DG Tau is known to have distinct double-peaked ve-
locity profiles in its jet emission (Hartigan et al. 1995).
Solf & Bo¨hm (1993) used long-slit spectra to show the
different properties of the two components: a compact
LVC at −50 kms−1 appears close to the source, and a
HVC at −260 km s−1 is offset from the source by ∼ 0.′′2
and extends beyond 2′′ with a lower velocity of ∼ −200
km s−1. Among the line species detected in the spectra,
[O i] λ6300 appears in both components, [N ii] λ6583 is
dominant in the HVC, and [S ii] λ6731 is dominant in
the LVC. From the 1999 HST/STIS spectra, we again
show that both velocity components exist in the first 0.′′7
of the microjet and that different line species dominate
in different velocity components. In the near infrared,
DG Tau also possesses [Fe ii] 1.644µm emission that can
be decomposed into a more compact and transversely
broader LVC, and a more extended and transversely nar-
row HVC (Pyo et al. 2003; Agra-Amboage et al. 2011;
White et al. 2014). The [Fe ii] HVC is typically ∼ −200
km s−1, and the LVC is ∼ −100 km s−1. The velocity
centroids of the [Fe ii] LVC are similar to those of [N
ii] and faster than those of [O i] and [S ii]. Yet an-
other molecular wind component, detected through H2,
appears as a wide-angle, low-velocity (∼ −15 km s−1)
emission close to the source (Agra-Amboage et al. 2014;
White et al. 2014). The two-component profiles in the
atomic lines, observed through spatially resolved spec-
tra taken from 1980 to 2010, appear to have persisted
for several decades in the DG Tau jet.
That the different line species are dominant in dif-
ferent velocity components is often considered to be
consistent with an “onion-shaped” outflow structure
(Bacciotti et al. 2000; Pyo et al. 2003). In this scenario,
the density and velocity structures, as well as excita-
tion conditions, are layered across the jet axis. The
species with higher excitation criteria (e.g., [N ii]) ap-
pear in the central region in which the velocity and
density are higher, whereas those with lower excitation
conditions and lower critical densities (e.g., [S ii]) ap-
pear in the outer region with lower velocities. On the
other hand, this can also be achieved by a cylindrically
stratified wide-angle wind, similar to a steady-state X-
wind. As described in Shang et al. (2006, 2010), the di-
vergent streamlines contribute to the large line widths of
the HVC, and axially concentrated density provides the
bulk line emission and narrow appearance of the HVC,
whereas the ambient material may be mildly shocked to
produce the LVC and the even slower molecular layer.
For young flat-spectrum stars, the remaining envelope
can provide the remnant ambient material. In the cases
of DG Tau (Testi et al. 2002) and HL Tau (Cabrit et al.
1996), a remnant envelope perpendicular to the out-
flow has been detected, and low-velocity wide-angle H2
emission encompassing the star and the [Fe ii] jet is
found (Takami et al. 2007; Agra-Amboage et al. 2014;
White et al. 2014). Regardless of the interpretations,
the emission of the HVC and LVC should be decom-
posed and separated because of their differences in the
line forming regions.
Through the analysis of two-Gaussian spectral decom-
position, we show that the HVCs of [O i], [S ii], and [N
ii] emission lines can have systematic differences in their
respective velocity centroids. From the inner 0.′′7 micro-
jet in the 1999 STIS spectra, [N ii] shows a faster bulk
radial velocity than [O i] and [S ii]. From the inner 3′′
microjet in the 2010 X-Shooter spectra, different species
have similar velocities. Explaining the different HVC
centroids among species can be challenging for currently
available models based on magnetocentrifugal wind. A
steady-state X-wind can successfully describe a predom-
inantly single HVC that is uniform among species, such
as in RW Aur A (Liu & Shang 2012) and in the 2010
X-Shooter spectra of DG Tau, but would require more
complex ionization and heating profiles for the jet in or-
der to explain the differences shown in the 1999 STIS
spectra of DG Tau. The disk-wind model, with a lay-
ered velocity structure, also cannot fully address this
issue (see, e.g., the similarity of the synthetic [O i] and
[S ii] spectra in Rubini et al. 2014). In either interpreta-
tion, the [N ii] line emission traces the innermost dense
region close to the jet axis and the velocity centroid rep-
resents the flow emanating from the innermost part of
the disk. We regard velocity centroids traced by the [N
ii] emission as the representative speed of the DG Tau
jet in the subsequent discussions on temporal variations
of the velocity components.
5.2. Temporal Variations of the Double Velocity
Components
While they are persistent, both velocity components
of the DG Tau jet have varied. The most obvious dif-
ferences can be seen by comparing the 1999 HST/STIS
spectra and the 2010 VLT/X-Shooter spectra. As de-
scribed above, the HVC centroids identified in the 1999
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Figure 8. Variations of the [N ii] λ6583 HVC and LVC centroids between the 1999 HST/STIS and 2010 VLT/X-Shooter spectra.
The left panels compare spatial variations of the velocity centroids along the jet axis at the two epochs. The origin is set at the
2010 observational epoch, and the 1999 data are shifted to positions according to their respective velocity centroids, adopting the
inclination angle (∼ 38◦, Eislo¨ffel & Mundt 1998) and distance (140 pc, Torres et al. 2007). The vertical dashed lines indicate
the positions of features defined in Maurri et al. (2014), shifted according to their respective velocity centroids obtained from
the 1999 spectra. The 1999 (open squares) and 2010 (filled circles) [N ii] data are compared against [Ne iii] λ3869 (thick dashed
lines) from the 2010 data. The regions of “MicroJet,” “InterKnot,” and “Knot A+B” are defined based on the [Ne iii] features,
and the “MicroJet (1999)” region is defined by the positions of the shifted 1999 velocity centroids. The right panels compare the
line profiles at the two epochs, normalized to their individual maxima. The light thick lines are the velocity-decomposed profiles
of [N ii] from the 1999 data, obtained by summing the spectra over the “MicroJet (1999)” region. The strong thin lines are
those from the 2010 data; the darker profiles sum over the “MicroJet” region and the lighter profiles sum over the “InterKnot”
region. [Ne iii] λ3869 profiles summed over the “MicroJet” region are shown for reference by thin purple lines.
STIS spectra differ among species (cf. Figure 2), rang-
ing from ∼ −150 to ∼ −260 km s−1. Such differences
seem to occur only in the innermost 0.′′7 region in the
1999 STIS spectra. On the other hand, previous ejecta
that correspond to the region of knots B0 and B1 show
more uniform velocity centroids among [O i], [S ii], and
[N ii] (Lavalley-Fouquet et al. 2000; Maurri et al. 2014).
Post-1999 ejecta, e.g., those corresponding to the in-
ner 3′′ region in the 2010 X-Shooter spectra, also show
uniform velocity centroids among species, with a me-
dian value of ∼ −180 km s−1. Understanding how the
star transitions between these two phases and whether
the phase with non-uniform velocity centroids will recur
may require spectroscopic monitoring of the DG Tau
jet. Variations in the LVC are less obvious. Within the
innermost 1′′, the velocities at the two epochs appear
consistent.
The comparisons between the 1999HST/STIS spectra
and the 2010 VLT/X-Shooter spectra can be compared
by matching their spatial and spectral resolutions. The
spectral resolution for both observations is ∼ 65 km s−1.
The main differences are the spatial resolution and the
settings of the slit observations. The point spread func-
tion (PSF) of the HST optical instruments is defraction-
limited to ∼ 0.′′1, whereas that of the VLT is seeing-
limited to ∼ 1′′ at the time of the observation. The slit
widths match the PSF at observations, and the widths of
0.′′1 and 1.′′2 were used for STIS and X-Shooter, respec-
tively. Although spatial resolutions cannot be matched,
spatial coverages of the two observations can be kept
similar for the analysis. Therefore, the STIS spectra
transversely averaged across 0.′′52 were used when com-
parisons of velocity centroids were made and longitu-
dally averaged line profiles from both spectra were used
to compare the overall representative spectral features
between the two observational epochs.
Figure 8 compares the properties of the optical for-
bidden lines of the HVC and LVC between epochs 1999
and 2010, based on [N ii] λ6583 emission from the two
epochs. The left panels compare spatial variations of
their velocity centroids. The positions of the 1999 data
points have been shifted to the 2010 epoch to account
for their proper motions according to their respective ve-
locity centroids. The velocity centroids of [Ne iii] λ3869
were overlaid to indicate the regions based on the fea-
tures of [Ne iii] emission: the brightest “MicroJet” from
0.′′5 to 2.′′5, non-detected “InterKnot” from 2.′′8 to 5.′′0,
and “Knot A+B” from 5′′ to 8′′. In the right panels, we
compare the integrated [N ii] line profiles of the microjet
between 1999 and 2010. The 1999 line profile is obtained
by summing over 0.′′1 to 0.′′7 from the 1999 spectra, cor-
responding to the innermost microjet. The 2010 line
profiles are obtained in two parts, one summing over
the “MicroJet” region as the initial microjet in 2010,
and another summing over the “InterKnot” region. For
the HVC, the portion of the microjet in the 1999 data
matches the 2010 “InterKnot” region well in both veloc-
ity centroids and positions. This suggests that the initial
microjet moves out without much interaction with pre-
vious ejecta in this region. For the LVC, the emission is
16
not spatially extended and no clear interknot emission
can be detected. The propagation or variation pattern
is relatively unclear and does not show clear trends be-
tween the two epochs.
From comparisons of the spatial variations of velocity
centroids, we conclude that the emission from the in-
nermost microjet is not stationary. The HVC centroids
of [N ii] λ6583 have changed from a median value of
∼ −260 km s−1 in 1999 to ∼ −180 km s−1 in the 2010
X-Shooter spectra. The shifted 1999 data points for the
microjet match those for the interknot region well in the
2010 X-Shooter data in both velocities and positions.
The transitions appear to be smooth, and the matches
in kinematic properties of between the two epochs sug-
gest that the flow does not slow down significantly due
to interactions with previous ejecta. The properties of
both [N ii] and [Ne iii] emission lines in the microjet
are consistent with a recombination flow. The [Ne iii]
λ3869 spatial profile is consistent with the flow recom-
bining, and then being reionized, before the knot A+B.
The average [S ii] λλ6716/6731 ratio increases from 0.5
to 0.8, corresponding to a decrease in ne from ∼ 10
4 to
102 cm−3, at distances from 0.′′5 to 4.′′5, where the knot
A+B starts to form with an increase in ne to ∼ 4000
cm−3. In the next subsection, we suggest a possible
mechanism that might cause the decrease in the HVC
velocity in the microjet and momentarily account for the
dominant initial ionization in the microjet.
5.3. Possible Origin of the HVC Variation – Source of
Flares in the System?
Comparison of the line profiles at two different epochs
shows an overall decrease in jet speed from 1999 to 2010,
without evidence for deceleration by discrete shocks.
One possible cause of such a decrease in jet speed is
the increase in the launching radius of the jet. Assum-
ing that the terminal speed of the jet is proportional to
the Keplerian speed at the launching radius and that
the proportion remains the same for the two configura-
tions at different epochs, the ratio of the two velocities
(180/260 ≈ 0.69) corresponds to a change in the launch-
ing radius by a factor of ∼ 2 ((260/180)2 ≈ 2.1). At the
inclination angle to the DG Tau system, the deprojected
flow velocity in 1999 is ∼ 330 km s−1. As demonstrated
in the X-wind sample fits to the jet and counterjet of RW
Aur A in Liu & Shang (2012), the ratio of the terminal
wind speed vw to the Keplerian speed at the trunca-
tion radius, vx, can range from 1.5 to 3.5, depending
on the mass loading in the magnetic field lines of the
wind. If vw/vx ∼ 3 is adopted, vx ≈ 110 km s
−1. The
estimated stellar mass of DG Tau is 0.7 ± 0.2M⊙ (see
Hartigan et al. 1995; Testi et al. 2002), and one may de-
rive the truncation radius Rx = GM∗/v
2
x ≈ 0.05± 0.02
au. In this scenario, the change in HVC centroids may
correspond to a change in truncation radius from 0.05
au in 1999 to 0.10 au in 2010.
One possible explanation for the increase in the disk
truncation radius is an expansion of the stellar magne-
tosphere, which pushes out the disk. At equilibrium, the
inner edge of the disk can corrotate with the star due
to regulation by the magnetic field connecting the star
and the disk. When the magnetosphere expands, the in-
ner edge of the disk will change from one equilibrium to
a new equilibrium position further away from the star
with a lower Keplerian speed. During the transition,
the angular speed of the star and the inner disk edge
may not coincide with each other, i.e., Ω∗ 6= Ωx. This
may induce magnetic reconnections for the field lines
connecting the star to the disk, and a fraction of the en-
ergy release may contribute to the hardening of X-rays.
In the fluctuating X-wind theory (Shu et al. 1997), the
amount of X-ray luminosity generated through magnetic
reconnection is proportional to the square of the (dimen-
sionless) dipole flux Φdx of order unity and the energy
scale for disk accretion, GM∗M˙DRx , both computed at the
truncation radius. This proportional factor, which may
range from 0.1 to 0.01, depends on the fraction of mag-
netic energy released, aside from that used for particle
acceleration, and on the efficiency of energy conversion.
Taking the disk accretion rate M˙D to be of the same
order as the mass accretion rate onto the star M˙acc, the
energy scale for disk accretion is of the order of ∼ 1033
erg s−1. The resulting total X-ray luminosity would be
of the order of ∼ 1031 to ∼ 1032 erg s−1 and is sufficient
to power the hard X-ray source close to DG Tau and to
account for the ionization for [Ne iii] λ3869 emission in
the jet.
6. SUMMARY
We have studied the kinematics and ionization proper-
ties of the DG Tau jet using archival HST/STIS spectra
taken in 1999 January and new VLT/X-Shooter spectra
taken 11 years later. For both data sets, we identify an
HVC that is spatially extended and connected to outer
knots and an LVC that dominates within ±1′′ through
Gaussian decomposition. Optical [O i], [S ii], and [N ii]
line emission in the 1999 STIS spectra has various ve-
locity centroids; [N ii] has the fastest HVC at ∼ −260
km s−1 and LVC at ∼ −100 km s−1 and [S ii] has the
slowest HVC at ∼ −140 km s−1 and LVC at ∼ −60
km s−1. In contrast, all the forbidden lines in the 2010
X-Shooter spectra show a relatively uniform HVC at
∼ −180 km s−1 and LVC at ∼ −70 km s−1.
In the 2010 X-Shooter spectra, [Ne iii] λ3869 is de-
tected in the innermost microjet up to ∼ 3′′ and reap-
pears as the unresolved knots A+B at 6.′′5, but is vir-
tually undetected in knot C at 13′′. Both the HVC and
LVC of the microjet peak within 0.′′4 of the star. The
HVC has a large line width up to ∼ 200 km s−1 close to
the source. The intensity of the HVC and LVC is compa-
rable, with a dereddened flux of ∼ 10−11 erg cm−2 s−1,
assuming AV ≈ 0.55 (Schneider et al. 2013a). The pro-
file at the knot A+B is singly peaked at ∼ −270 km s−1,
close to the [N ii] HVC centroid in 1999. The flux at this
knot is much fainter than the inner microjet by an order
of magnitude.
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We discuss possible origins of [Ne iii] emission in light
of the known X-ray sources in the DG Tau system.
Shocks of a few hundred km s−1 suffice to both collision-
ally ionize neon and heat the gas up to the megakelvin
temperatures seen in the soft X-ray source 0.′′2 from DG
Tau. However, the same shocks that account for the soft
X-ray luminosity (Gu¨nther et al. 2009) can produce only
∼ 10−2 of the [Ne ii] flux observed. Soft X-ray irradia-
tion from stationary stellar wind shocks (Gu¨nther et al.
2014) may partially contribute to the ionization, but
is swamped by the extant hard coronal X-ray source.
The hard coronal source, with impulsive flares up to
∼ 5 × 1030 erg s−1, may be able to account for the ob-
served [Ne iii] flux, although recurring flares are needed
to account for the extended emission. Possible soft X-
ray or magnetic heating that maintains the 105 K gas
associated with the C iv jet (Schneider et al. 2013a) may
alternatively freeze the ionization in the jet and account
for the observed spatial extent of the [Ne iii] microjet.
The outer knot A+B may be reionized by a strong shock
vshock & 100 km s
−1 which would re-invigorate the [Ne
iii] emission and produce the extended soft X-ray emis-
sion.
The 11 year baseline also allows us to examine changes
in the velocity structure of the optical forbidden emis-
sion lines. The HVC velocity centroids decreased by
about 30% over these 11 years, while the LVC was lit-
tle changed. A possible explanation for the decrease in
jet speed is an increase in the truncation radius (as well
as the jet launching radius) caused by expansion of the
stellar magnetosphere. The change in velocity would
correspond to an increase in radius by a factor of ∼ 2,
assuming that the overall magnetospheric configuration
does not change after expansion. Magnetic reconnection
produced during the readjustment of the inner disk ra-
dius may provide a sufficiently luminous X-ray source
to explain the observed [Ne ii] and [Ne iii] fluxes, but
further X-ray and optical spectroscopic observations will
be required to test this hypothesis.
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